The selective reflection band structure of a mixture composed of azo-nematics and cholesteric liquid crystal (azo-based CLC) is investigated as an effective single optical medium. Berreman's 4 ϫ 4 matrix method is adopted to analyze the photoisomerization-induced changes in the azo-based CLC by identifying the effective refractive indices as well as the helical pitch. In a laser dye-doped azo-based CLC, a stable reversible tuning of laser wavelengths at each domain of the two-dimensional laser array is demonstrated.
INTRODUCTION
A self-assembled one-dimensional photonic bandgap structure of a cholesteric liquid crystal (CLC) gives rise to the formation of a selective reflection band (SRB), which enables mirrorless laser operation near the SRB edges [1] [2] [3] . By doping a CLC with azo moiety, optical tuning of the CLC laser wavelength has been achieved, the underlying mechanism being a trans-cis-isomerization process occurring inside the CLC doped with an azo-containing compound, namely, azo-CLC. Examples of azo-CLC include CLCs doped with chiral azo-compounds or CLC structures composed of nematic azo-or azoxy-compounds [4] [5] [6] [7] . In the study of a series of azo-CLCs, optical tuning of the laser wavelength has been simply attributed to a change in the helical twisting power, related to the helical pitch p of the CLC structure, caused by the conformational change between trans-and cis-isomers of the azo moiety. By noting that the spectral position of the band edges of SRB is determined by n o p and n e p with ordinary and extraordinary indices n o and n e as well as the helical pitch, it is necessary to address changes in the effective refractive indices as well when going through the transcis-isomerization process.
In this paper, we apply the Berreman's 4 ϫ 4 matrix method [8, 9] to investigate the SRB structure of a mixture composed of azo-nematics and CLC (azo-based CLC) as an effective single optical medium. It is demonstrated that a low concentration of azo-nematic liquid crystal permits the azo-based CLC to be treated as a single optical CLC possessing effective refractive indices and helical pitch. In optical control of the SRB, it is examined how the trans-cis-isomerization process affects the parameters determining the SRB structure. After the optical modeling of azo-based CLC is assured, we demonstrate the laser operation in an optically patterned two-dimensional array of azo-based CLC doped with a laser dye.
EFFECTIVE MEDIUM ANALYSIS AND OPTICAL CONTROL OF SELECTIVE REFLECTION BAND

A. Fabrication of Azo-based CLC Cell
In order to fabricate an azo-based CLC cell, first of all a CLC was prepared by doping nematic host (ZLI2293, Merck) with a left-handed chiral dopant (s811, Merck). Next, an azo-nematic liquid crystal was added at a low concentration of ϳ5 wt. %. Two types of roomtemperature azo-nematic liquid crystals 1005 and 1205 (Beam Co.) were employed, which were in the nematic phase in a wide temperature range with a strong optical absorption maximum near 350 nm [10] , accessible for the photo-isomerization.
After heating the mixture for 24 hours in the isotropic phase (above 80°C), a capillary action filled the isotropic mixture into a 12-m-thick liquid crystal cell, which had the inner surfaces of glass substrates coated with a thin polyimide (SE-5291, Nissan Chemical Industries, Ltd.) alignment layer and rubbed in antiparallel directions to produce a 6°-7°pretilt angle. Once slowly cooled down to room temperature, a planar azo-based CLC was formed, possessing a pronounced SRB characteristic of a helical structure of optically birefringent nematics with a welldefined single-valued pitch. We note that the lowest energy configuration prefers that the rod-shaped transisomer of azo-nematic liquid crystal aligns parallel to the local director of mesogens of the host CLC to form a stable helix of azo-based CLC, the SRB of which is redshifted and broadened.
B. Photoisomerization
Optical control of the SRB was achieved by a trans-cis photoisomerization. Since the absorption peaks of transand cis-azo-nematic liquid crystal are located at 350 nm and 450 nm, we employed a UV lamp with the central wavelength at 355 nm as the UV light and the 488 nm line Ar + laser(Innova 300, Coherent) as the VIS light. Once we irradiated the azo-based CLC cell with a UV light, cis-isomer azo-based CLC resulted from the transcis isomerization, which possesses a blueshifted SRB. When we irradiated the resulting cis-isomer azo-based CLC with a VIS light the trans-isomer azo-based CLC recovered, with the SRB almost resuming the original SRB through the cis-trans isomerization. We observed that the optical control of SRB is reversible, that is, a control over the spectral position and bandwidth of SRB can be achieved with UV and/or VIS irradiations by a trans-cistrans isomerization process. It has been pointed out that the trans-cis photoisomerization in azo-benzene liquid crystal films brings about a nematic-isotropic phase transition [11] . In contrast, when mixed inside a CLC phase, the trans-cis photoisomerization of azo-benzene liquid crystal allows for a stable helical structure CLC phase. Since the reflection spectra of azo-based CLC exhibits a well-defined SRB, characteristic of a helical CLC structure, we treat the azo-based CLC as an effective single optical medium CLC, and the effective refractive indices and pitch length are obtained by use of the Berreman's 4 ϫ 4 matrix method [8, 9] . In fact, the 4 ϫ 4 matrix method is successfully applied to relating the SRB spectrum with the geometric (helical pitch) and material (refractive indices of nematics) parameters of a CLC cell [12] . In analyzing the change in the SRB upon photoisomerization, we note that the optical response of the azo-based CLC, characterized by the index ellipsoid, is conserved in the sense that the Thomas-Reiche-Kuhn sum rule for a transition matrix relates the optical polarizability with the volume of azo moiety [13] . This in turn leads to the fact that the volume of the index ellipsoid is invariant under the conformational change, providing a relation between the extraordinary and ordinary indices of trans-and cis-azobased CLCs for the theoretical fit. The theoretical fit values of n e , n o , and p are listed in Table 1 . We find that the photoisomerization incurs changes in the effective n e and n o as well as p, which are dominant factors in determining the central wavelength and bandwidth of the SRB.
As shown in Fig. 1(b) , upon adding the azo-nematic liquid crystal, the SRB structure is well preserved, and the spectral position is redshifted from 540.8 nm to 583.8 nm and the width broadened from 37.6 nm to 41.3 nm. The theoretical fit provides that the helical pitch increases from 361.3 nm to 390.0 nm without noticeable change in the optical anisotropy, indicating that the trans-isomer azo-nematics are inserted into the helical stack of the host nematics without disorganizing the CLC phase [14] . Figure 1 (c) shows that UV irradiation incurs a blueshift of the SRB from 583.8 nm to 541.2 nm, with the width narrowing from 41.3 nm to 27.6 nm. The theoretical fit gives the helical pitch a decrease from 390.0 nm to 362.9 nm accompanied with a change in the optical anisotropy of −0.03, which results from a conformational change of azonematics from trans-to cis-isomer. When compared with ͑a͒ → ͑b͒, the anisotropy decrease in ͑b͒ → ͑c͒ is very pronounced, which originates from a much less anisotropic bent shape of cis-isomer. The SRB can be restored by irradiating with VIS light as seen in ͑c͒ → ͑d͒.
OPTICALLY PATTERNED LASING OPERATION A. Sample Preparation and Experiment
The SRB of a CLC originates from multiple interference of light propagating inside the refractive-index modulated structure where the density of mode (DOM) vanishes. The suppression of DOM inside the SRB results in the enhancement of DOM near the SRB edges. When the CLC doped with a gain medium is optically pumped, the increased dwelling time of fluorescent light near the SBR edges allows for amplification leading to the laser operation. One advantage of azo-based CLC in the application to the lasing operation is that optical tuning of the laser emission can be achieved by optical control of the SBR through the photoisomerization process.
Now that the effective medium analysis of photoisomerization-induced changes in the SRB of an azobased CLC is established, optical tuning of the laser wavelength was investigated in a dye-doped azo-based CLC cell, which was prepared by doping the azo-based CLC with a laser dye, 4-dicyanomethylene-2-methyl-6-pdimethylaminostyryl-4Hpyran (DCM, Exciton) with a doping ratio of 0.5 wt. %. The concentrations of chiral dopant and azo-nematic liquid crystal were optimized to make the SRB and fluorescence range of the DCM overlap. A 12-m-thick cell with rubbed polyimide coated substrates was prepared to make the planar alignment of the Fig. 1 . SRB spectra of (a) CLC before adding azo nematic liquid crystal, (b) trans-isomer azo-based CLC, (c) cis-isomer azo-based CLC after trans-cis photo-isomerization, and (d) trans-isomer azo-based CLC after cis-trans photo-isomerization are shown. The solid and dashed curves correspond to the experimental data and theoretical fit.
dye-doped azo-based CLC. For the lasing experiment, the pumping source was a second-harmonic generation light at 532 nm from a Q-switched Nd:YAG laser (Quanta-Ray, Spectra-Physics) with a 10 ns pulse width and a repetition rate of 10 Hz. The pump laser beam was incident on the dye-doped azo-based CLC cell with an incident angle of about 45°with respect to the normal cell plate. Emitted laser light is circularly polarized with the same handedness as the helical sense of dye-doped azo-based CLC.
B. Two-dimensional Array of Laser Emission
Once a dye-doped azo-based CLC cell was prepared, lasing operation was observed at the wavelength of 620 nm. Noting that two-dimensional patterns formed by an optical tuning of SRB in an azo-based CLC are found to be stable on the order of hours [15] , we studied an optical patterning of two-dimensional laser array in one single dye-doped azo-based CLC cell with domains operating at different laser wavelengths. First, one half of the dyedoped azo-based CLC cell was irradiated by UV for 6 min and the other half by UV for 1 min, which gave a spatial pattern of two distinct domains. Now, one-half of two domains was further irradiated by VIS for 1 min, resulting in four different domains. Figure 2 shows a picture of the two-dimensional patterned dye-doped azo-based CLC cell and the lasing emissions in the four domains with different colors at each domain. The boundaries of each domain in the central picture were formed by a mask blocking the UV and VIS irradiation during exposure. The 532 nm green pump at each quadrant and the lasing spot on the screen can be identified in four pictures of domains. The domains are named #1 for UV 6 min (laser wavelength peak, peak = 594 nm), #2 for UV 6 min plus VIS 1 min ͑ peak = 608 nm͒, #3 for UV 1 min ͑ peak = 611 nm͒, and #4 for UV 1 min plus VIS 1 min ͑ peak = 616 nm͒. The spectral position of dye-doped azo-based CLC lasing can be spatially addressed over the tuning range of 25 nm in a reversible way, as shown in Fig. 3. 
CONCLUSION
By use of Berreman's 4 ϫ 4 matrix method, the SRB structure of a mixture composed of azo-nematics and CLC (azobased CLC) is analyzed as an effective single optical medium. It is identified how the trans-cis-isomerization process affects the parameters determining the SRB structure. A reversible tuning of SRB of azo-based CLC, achieved with UV and VIS irradiations, was attributed to the reversible changes in the pitch and optical anisotropy through the trans-cis conformational change of azonematics in azo-based CLC. When doped with a laser dye, an optical patterning of a two-dimensional laser array was made possible in the dye-doped azo-based CLC cell by varying the irradiation times of UV and VIS light. The analysis introduced here should be helpful in designing optically tailored laser operation by allowing identification of the parameters determining the SRB structure of CLCs. 
